Disczrxsion: The frce-running SFDR of 84 dB/Hz'/' is thc highest rcported to date for frcc-running long wavelength VCSELs, which is further enhanced by injection locking. The rclatively high RlN valucs observed arc possibly due to reflections from the VCSEL-fibre coupling lenses [9], which is still under investigation. Rcducing the optical reflections is expected to reduce the RlN and further increase the SFDR.
. Thc smaller gain results not only from a lower total volume of actively emitling material but also from variations in the spatial locality of QDs as well as inhomogeneous emission broadening. These effccts result in a siiiallcr number of QDs contributing to the gain in a resonance as the Q factor is increased. Our approach to address these issues is to use high Q cavities with relatively larger mock volumes. In this Letter, we dcscribc siinplc designs of couplcd cavities in square lattice photonic crystals and demonstrate laser operation from such quantum dot photonic crystal (QD-PC) cavities.
Designs; We start by using square lattice dcl'cct cavities since their predicted modc volumes arc generally largcr due to the smaller bandgap. To increase thc mode volume we analysed couplcd twodcfect cavity structures with a three-dimensional finite difference time domain (3D-FDTD) model. Thc analysed two-defect cavities wcre located two latticc constants (u) apart from each other to form one coupled cavity mode in a two-dimensional (2D) square lattice PC slab with 11 by 13 latticc periods surrounding the cavities. The rnodellcd photonic crystal slab geometry had a thickness Experiment; Five stacked self-assemblcd InAs QD layers were grown by molecular beam epitaxy to form tlic active gain material. Thc QD density in our samples is 5 x 10"'/cm2 and thc QD laycrs were separated by 30 nm GaAs layers. Alo.zCalJ,xAs is used for cladding layers to form thin slab waveguides, which are deposited on an 800 nm Alli,04Gao,04As sacrificial layer on a top of GaAs substratc. To define 200 nm-thick 2D-PC slab cavities, electron-beam lithography, chemically assisted ion-beam etching, oxidation of Alo,94Gao,l,4As layer, and wet ctching of AIO,y layer wcrc performed. The detailed fabrication steps can be found clscwhere [4, 51. Many geomctrics of single-, two-, and four-defect coupled cavitics were fabricated within photonic crystals with lattice sizes of 31 x 31, 31 x 33, and 33 x 33, respcctivcly. Figs. 2a and h show typical scanning elcctron microscope images of two-coupled and four-coupled cavities, respectivcly. Results: Fig. 3 shows two L-L curves taken from two-and four-defect coupled cavities. Each of these cavities exhibits distinct thrcshold and linear increase in output power above threshold. Threshold pump powers of 120 and 370 pW are measured for two-and four-defect coupled cavitics, respectively. Fig. 4 shows lumincscence spcctra from a four-defect coupled cavity. Below thrcshold (Fig. 4u) , the resonance cannot bc clearly observed. Close to threshold: nonlinear amplification of emission is sccn (Fig. 40) . Above threshold, tlic rcsonance intensity incrcascs significantly. The lasing wavelcngth of 1328 nm matches thc ground statc emission of the QDs. The photonic crystal geomctry of a/A=0.316 in this lascr also matchcs the analysed mode frequency of two-defect coupled cavities. Spectral line widths decreascd from 1 to 2 nm (below threshold) to less than 0.2 nm (above thrcshold). The combination o f distinct threshold in the L-L curves and line width narrowing both indicate that thc cavities are indeed lasing. For tw-o-defect coupled cavities, the resonance was measured at u/l.=0.3, which is s n i a k r than the simulated valuc since thc experimental slab thickncss is largcr and thc hole diameter is smaller than modelled. Single defect cavities did not lase in our experiments, probably duc to a lack of sufficient gain from the QDs. ::
